Many plant products are known to exert antioxidative effects by quenching various free radicals and singlet molecular oxygen. Andrographis paniculata (Kalmegh) is used extensively in the Indian traditional system of medicine as a hepatoprotective and hepatostimulative agent and has been reported to have antioxidant effects against different hepatotoxins. The present study aims to analyze antioxidant properties of an active component, andrographolide (ANDLE), extracted from A paniculata. This study investigates the effect of andrographolide on the hepatocellular antioxidant defense system and lipid peroxidation of control mice, mice treated with hexachlorocyclohexane (BHC) only, and andrographolide + + BHC. Glutathione (GSH), glutathione-s-transferase (GST), glutathione reductase (GR), glutathione peroxidase (GSH-Px), γ γ-glutamyl transpeptidase (γ γ-GTP), superoxide dismutase (SOD), catalase (CAT), and lipid peroxidation (LPO) are studied by spectrophotometric methods. The BHC experimental model forms an irreversible liver tumor in male mice. The activities of GSH, GR, GSH-Px, SOD, and CAT show significant (P ≤ ≤ .05) increases, while γ γ-GTP and GST show significant decreases (P ≤ ≤ .05) in andrographolidesupplemented mice as compared with BHC-treated mice.
Treatment Diet
The BHC-treated animals were given a basal diet with 500 ppm BHC/kg food. This dose approximates the highest tolerable limit causing significant mortality in test animals by Lakkad et al. 15 The BHC insecticide was weighed and dissolved in alcohol and homogeneously mixed in the diet; the alcohol was allowed to evaporate by drying. The dose of BHC 500 ppm/kg food is selected on the basis of previous work on rodents. 13, 15 The Experimental Design
The experimental design was as follows:
• Group 1 (control): animals were given normal diet and water ad libitum. • Group 2 (BHC treated): animals in this group were fed a diet containing technical-grade BHC at a dose of 500 ppm/kg food for a period of 1 to 8 months. • Group 3 (BHC + ANDLE supplemented): this group of animals was given both BHC at a dose of 500 ppm/kg food and ANDLE orally in low (5 mg/kg body weight), medium (7 mg/kg body weight), and high (10 mg/kg body weight) doses per animal per day for the period of 1 to 8 months. This group was considered the supplemented group. • Group 4 (ANDLE treated, positive control): only ANDLE was given to this group of animals in a dose of 7 mg/kg body weight per animal per day orally.
The various groups of animals, treatment, and duration are shown in Table 1 . At the end of each treatment, the animals were weighed on an animal balance and killed by cervical dislocation. The liver of each animal was dissected out, blotted free of blood, and weighed on a balance.
Biochemical Methods
Tissue protein. The protein content in the liver tissue of mice was estimated according to the method of Lowry et al. 16 γ-Glutamyl transpeptidase. The liver γ-glutamyl transpeptidase (γ-GTP) activity was assayed by the method of Tate and Meister. 17 The enzyme activity was expressed as units/min/mg protein, where 1 unit of γ-GTP is equivalent to 1 µmol p-nitroanilide released per minute.
Lipid peroxidation. Lipid peroxidation (LPO) in the liver was determined by the method of Ohkawa. 18 The method is based on the formation of a red chromophore that absorbs at 532 nm following the reaction of thiobarbituric acid with malonyl dialdehyde (MDA) and other breakdown products of peroxidized lipids, collectively called thiobarbituric acid reactive substance. The results were expressed as nanomoles of MDA/h/mg tissue weight.
Glutathione. The glutathione (GSH) levels in liver tissue were measured using a modified Ellman method. 19 The values were expressed as µmol reduced glutathione present/100 mg fresh tissue.
Glutathione reductase. Glutathione reductase (GR) activity was estimated from the liver tissue by the method of Carlberg and Mannervik. 20 The activity of GR was expressed as units/min/mg protein, where a unit of GR activity is defined as the amount of enzyme that catalyzes the reduction of 1 µmol GSSG per minute Glutathione-s-transferase. The glutathione-s-transferase (GST) activity from liver tissue was assayed by Warholm et al. 21 The enzyme activity was expressed as units/min/mg protein. One unit of GST is the amount of the enzyme that catalyzes the formation of 1 µmol S-2, 4-dinitrophenyl glutathione per minute at 30°C.
Glutathione peroxidase. The glutathione peroxidase (GSH-Px) activity was assayed from liver tissue by the modified Paglia et al method. 22 The enzyme activity was expressed as units/min/mg protein, where 1 unit of GSH-Px is equal to 1 µmol nicotinamide adenosine dinucleotide phosphate oxidized per minute.
Superoxide dismutase. The superoxide dismutase (SOD) activity was assayed from liver tissue by the method of Kakkar et al. 23 The enzyme activity was expressed as units/min/mg protein. One unit of the enzyme activity is defined as the enzyme concentration required to inhibit the optical density at 560 nm of chromogen production by 50% in 1 minute under the specified assay conditions.
Catalase. The catalase (CAT) activity from liver tissue was assayed by modified Luck method. 24 The enzyme activity was expressed as units/mg protein.
One unit of CAT represents 1 µmol of H 2 O 2 decomposed per minute.
Statistical Methods
The results obtained from the biochemical studies were analyzed using analysis of variance (ANOVA) and
Student t test using state software. For comparison of 2 or more than 2 groups at a time, ANOVA was used. The Student t test was applied between 2 groups.
Results

Gross Findings in the Liver
Liver tumor incidence was observed grossly in control and BHC-treated groups. Animals in the control group did not show any liver lesions observed grossly ( Figure 1A) . Similarly, animals with 2 months and 4 months of BHC exposure, respectively, did not show any gross nodular lesions. Only after 6 months of BHC exposure were small, multiple grayish or yellowish white nodules seen on the liver. Furthermore, after 8 months of BHC exposure, many large grayish or yellowish white tumors up to 2 cm in diameter ( Figure 1B) with an irregular surface were found in different liver lobes, indicating the severity of the tumorous condition. The external morphological structure of the liver in animals supplemented with ANDLE (group 3) for 6 months showed no severe morphological tumor lesion as compared to the group treated with BHC only ( Figure 1C ).
Liver Weight as Percentage of Body Weight
Liver weight (LW) as a percentage of body weight (BW) is given in Figure 2 . In the BHC-exposed group (group 2), the LW as a percentage of BW showed a significant increase after exposure to BHC for 2 months. This increase is primarily due to a significant increase in the liver weight. The animals exposed to 4 months and 6 months of BHC showed further Months P < .001 P < .01 P < .001 P < .001
LW as % of BW group-I LW as % of BW group-II increases in LW. However, there was a marked change after 8 months of BHC exposure, with the ratio being 18.992, which is almost 8 times more than the initial control value.
Biochemical Findings
Multivariate analysis of antioxidant enzymes between groups and duration of treatment. γ-GTP, LPO, GSH, GR, GSH-Px, GST, SOD, and CAT activities were compared between the groups and treatment durations using ANOVA. There were significant differences found for each enzyme activity between the groups and treatment duration ( Table 2) . Therefore, every enzyme activation was compared between the 4 groups using the Student t test.
γ-Glutamyl transpeptidase. γ-GTP activity in different groups is shown in Table 3 . The activity of the γ-GTP enzyme increased in group 2 in comparison to group 1. For durations of 1 to 8 months (BHC treatment), the difference in γ-GTP activity was highly significant (P < .001), but after 4 months and up to 8 months of BHC exposure, the γ-GTP activity was drastically increased as compared with group 1 (control). A decrease in γ-GTP activity was observed in group 3 (BHC with ANDLE supplement). The decrease in enzyme activity was highly significant (P < .001) in group 3 as compared with group 2, while the γ-GTP activity in group 4 was not significant as compared with group 1. Table 4 . There was a highly significant (P < .001) increase in the activity of LPO in group 2 (BHC treated) as compared with group 1. However, the LPO activity gradually increased on BHC exposure from 1 to 8 months in group 2. Group 3 (BHC + ANDLE treated) showed a significant decrease (P < .001) in enzyme activity as compared with group 2. There were nonsignificant changes observed in group 4 as compared with group 1. Glutathione. The GSH level in different groups is shown in Table 5 . There was a drastic decrease in the level of GSH in group 2 as compared with the nontreated group 1. The decrease in the GSH was highly significant (P < .001) in group 2. The decreased level of GSH was dependent on duration of BHC treatment. From 4 to 8 months, the GSH level was drastically decreased. The GSH level was significantly increased in group 3 (BHC + ANDLE supplement) when compared with group 2 (BHC treated only). However, the GSH level increased in group 4: the level of GSH significantly increased from 2 to 8 months in group 4 as compared with group 1.
Lipid peroxidation.. LPO activity in different groups is shown in
Glutathione reductase. GR activity in different groups is shown in Table 6 . There was a significant decrease in GR activity in group 2 (BHC treated). The GR activity was significantly decreased in BHC-treated animals for a period of 8 months. From 5 to 8 months, the GR activity showed the highest decrease (P < .001) when compared to control animals (group 1). On the other hand, the GR activity was significantly increased in group 3 (BHC +ANDLE supplemented) as compared to group 2. The GR activity in group 4 appeared to be very close to the control value in group 1.
Glutathione peroxidase. GSH-Px activity in different groups is shown in Table 7 . GSH-Px activity was significantly (P < .001) decreased in group 2 as compared with group 1. The activity of GSH-Px gradually decreased from 1 to 8 months of BHC treatment. A highly significant (P < .001) increase was found in GSH-Px in group 3 (BHC + ANDLE supplemented) as compared with the group 2. There were no changes observed in the activity of this enzyme in group 4 as compared with group 1.
Glutathione-s-transferase. GST activity in different groups is shown in Table 8 . There was a gradual increase in GST activity in group 2 as compared with group 1. The activity of GST showed a highly significant (P < .001) increase in group 2; during months 4 to 8 of BHC exposure, the GST activity was drastically increased as compared with the control animals (group 1). However, in group 3 (BHC + ANDLE supplement), the GST activity showed a highly significant (P < .001) decrease in comparison with group 2 (BHC treated). No significant changes were observed in group 4 as compared with group 1.
Superoxide dismutase. SOD activity in different groups is shown in Table 9 . A highly significant decrease (P < .001) in SOD activity in group 2 was observed as compared with group 1. The activity of SOD in group 2 gradually decreased from 1 month to 8 months of BHC treatment. The activity of SOD increased further in group 3 as compared with group 2. The SOD activity in group 4 was very close to the control animals in group 1. Table 10 . CAT activity was significantly (P < .001) decreased in group 2 (BHC treated) mice as compared with group 1 (control mice), with the decrease being very high in 6 to 8 months of BHC treatment. There was a highly significant increase (P < .001) in CAT activity for 1 to 7 months in group 3 as compared with group 2. Furthermore, in the eighth month in group 3 (BHC + ANDLE supplement), the CAT activity was significantly increased (P < .02) as compared with group 2. In group 4, the CAT activity showed no significant changes as compared with group 1.
Catalase. CAT activity in different groups is shown in
Discussion
Many plant products are known to exert antioxidative effects by quenching various free radicals and singlet oxygen, as mentioned by Aruna and Sivaramakrishnan. 25 In the present study, while studying effects of ANDLE on liver tumors, an attempt has also been made to determine the antioxidative effect of ANDLE. This plant extract activates antioxidant enzymes that catalyze the reaction of oxidants in BHC-treated mice. The liver is the first organ in which investigations of dose-response relationships in chemical carcinogenesis were carried out systematically. 26 The determination of the induction and the total dose required for the production of liver tumors by different hepatocarcinogens led to the well-known concept of Druckrey 27 that the primary carcinogenic effects of all individual doses act additively to form the final tumor. In the present study, the incidence of tumors was directly correlated with the total dose level of BHC, as indicated by the duration of exposure. No 27 and McGee et al. 28 Because chlorinated insecticides are metabolized in the liver, the increase in LW as a percentage of BW observed in these experiments in group 2 (BHC-treated group) may be an indicator of the overall effect of BHC on the liver. The increase in LW as a percentage of BW after exposure of various hepatotoxic chemicals including organochlorine insecticides has been reported. 29 Toxic chemical effects were associated with an increase in liver weight, observed within the initial few weeks of exposure, indicating that the liver is involved at an early stage of exposure. These changes were more pronounced with a longer duration of exposure, and substantial cellular damage took place when the duration of BHC exposure was longer than 6 months. In the period of 6 to 8 months, the LW as a percentage of BW was at a maximum. The change was very significant after 6 months of exposure. Eltze et al 30 reported that liver undergoing neoplastic changes increased more markedly in size and weight. On the basis of these suggestions, BHC exposure as a liver tumor model was investigated, and effects of ANDLE were observed.
Antioxidant Activity of Andrographolide
γ-GTP, formerly known as γ-glutamyl transferase, is the most sensitive indicator of liver disease and is a useful marker in patients with liver metastases. 31 A number of drugs and chemicals are known to increase γ-GTP activity by the induction of microsomal enzymes, such as barbiturates, antidepressants, anticonvulsants, and contraceptives. 32 The present study showed significantly increased activity of γ-GTP after BHC exposure. During 4 months to 8 months of BHC exposure, the γ-GTP activity indicated a many-fold increase. Tumors were observed after BHC exposure for 6 to 8 months. However, even by that time, a significant elevation of γ-GTP activities was observed as compared with control mice. Such a multifold increase in γ-GTP activity in chemically induced rat hepatoma has been reported earlier. 33 After chronic treatment and until the development of hepatocellular carcinoma, a 20-to 60-fold increase in liver γ-GTP was reported, which is comparable to the activity measured in fetal rat liver. 34 Earlier work in immunohistochemical and enzyme histochemical studies on γ-GTP in rat liver has been used during 3-me-DAB hepatocarcinogenesis. 35 Pompella et al 36 showed the decreased levels of protein thiols in GGTpositive nodules induced by chemical carcinogenesis in the rat liver.
These findings correlate with the results of this study, showing elevated levels of γ-GTP in liver tumors induced by BHC. The hepatoprotective property of silymarin has also been related to the inhibition of γ-GTP, and the decrease of γ-GTP activity was reported. 37 The GSH/GST detoxification system is an important part of the cellular defense against a large array of injurious agents. Reduced GSH, a tripeptide, is essential to maintain structural and functional integrity of cells. The maintenance of GSH levels depends on the activities of various enzymes, such as GR and GST. Since GR affects the reduction of GSH, the level of this enzyme is also of importance in detoxification of peroxides. 38 An effective defense against oxidative damage is the GSH cycle, which includes oxidation of GSH to GSSG during detoxification of peroxidation by GSH-Px and GST and further reduction of GSSG to GSH by GR. LPO reflects the interaction between molecular oxygen and polyunsaturated fatty acids, and it results in the oxidative deterioration of the latter. The natural targets for such reactions are the biological membranes; therefore, oxidative damage to these membranes results in an impairment of cellular and subcellular functions, changes in permeability, and morphological alterations. Free radicals disrupt the equilibrium of biological systems by damaging their constituent molecules, leading eventually to cell death. The inhibitory effect of ANDLE on LPO is related to membrane-stabilizing activity.
SOD is the principle protective enzyme that dismutes the reactive oxygen radical to hydrogen peroxide and oxygen. Hydrogen peroxide produced can then be decomposed enzymatically by CAT or by GSH-PX. GSH-PX not only decomposes hydrogen peroxide but is also capable of interacting with LPO. In the present study, marked increases in SOD, CAT, and GSH-PX activities in ANDLE-supplemented animals showed the adaptive nature of the system against damaging effects of superoxide radicals in liver as brought about by severe hepatic damage by BHC. Decreased activities of GSH, GR, CAT, SOD, and GSH-PX in BHC-treated mice may increase their susceptibility to oxidative injury. However, the overexpression of the antioxidant molecule ANDLE is indicative of its ability to reactivate hepatocellular antioxidant defense in the liver. Koul and Kapil 10 reported the effects of diterpenes from A paniculata on antioxidant defense systems and LPO. They showed the adaptive nature of the system against hepatotoxicity from CCl 4 . Campos et al 39 and Chander et al 40 have reported that hepatoprotective plant principles also possess antioxidative activity.
A recent report by Sheeja and Kuttan 41 showed that cyclophosphamide-induced urothelial toxicity in mice via reactive oxygen species production and treatment with ANDLE resulted in elevated levels of GSH in the liver and bladder of cyclophosphamide-treated mice. Nitric oxide is a highly reactive free radical associated with the severity of cyclophosphamide-induced bladder injury. 41 Administration of ANDLE has been shown to reduce the level of nitric oxide metabolite and protect mice from cyclophosphamide-induced urinary bladder injury. 41 The results of the present study suggest that the antioxidative effect of ANDLE may be due to its ability to activate antioxidant enzymes that catalyze the reduction of oxidants and that its use for recovery of hepatic damage may be beneficial.
